Abstract. Earth's bow shock in high β (ratio of thermal to magnetic pressure) solar wind environment is relatively rare phenomenon. However such a plasma object may be of interest for astrophysics. We survey statistics of high-β (β > 10) shock observations by near-Earth spacecraft since 1995. Typical solar wind parameters related with high β are: low speed, high density and very low IMF 1-2 nT. These conditions are usually quite transient and need to be verified immediately upstream of the observed shock crossings. About a hundred crossings were initially identified mostly with quazi-perpendicular geometry 5 and high Mach number. In this report 22 Cluster project crossings are studied with spacecraft separation within 30-200 km.
few such investigations were published, merely checking validity of Rankine-Hugoniot conditions and marking high amplitude of magnetic variations in the front (Formisano et al., 1975; Winterhalter and Kivelson, 1988; Farris et al., 1992) . Note, that is some investigations moderate β ≥ 1 is described as "high-β" regime (e.g., β = 2.4 in Scudder et al., 1986) .
Electromagnetic fields and waves in space shocks are of primary importance, since in the absence of collisions, kinetic mechanisms of field-particle interactions are responsible for dissipation and particle acceleration (Sagdeev, 1966; Krasnoselskikh et al., 5 2013). Of particular interest are relatively low frequency waves, which visually have maximal amplitudes, since they actually form the shock front structure, dissipating ions. A number of turbulence theories were also suggested for the high-β shocks (Kennel and Sagdeev, 1967a, b; Coroniti, 1970) . Due to presence of magnetic field a wide variety of shock types exists with quite differing structure (Kennel et al., 1985) .
For example, in a supercritical quazi-perpendicular shock, the oblique whistler waves near lower-hybrid frequency (∼5 Hz) 10 form the ramp (sharp jump of magnetic field) via the non-linear steepening and decay cycle (Krasnoselskikh et al., 2002, and references therein) . In several studies the wavelength of these waves and the scale of shock ramp were determined to be around 10-s of km and oscillations were in fact identified as whistlers (Petrukovich et al., 1998; Walker et al., 2004; Hobara et al., 2010; Schwartz et al., 2011; Dimmock et al., 2013; Krasnoselskikh et al., 2013) Another issue of interest is electron heating, which requires sufficiently small scale variations for non-adiabatic (transverse) acceleration and following isotropisation 15 (Balikhin et al., 1993; Vasko et al., 2018) .
To approach the study of magnetic structures in high-β shocks with the Earth's bow shock observations we scanned the whole set of available spacecraft data. We start with the general occurrence statistics of high-β solar wind and then look into some cases of multipoint observations allowing to estimate spatial wave characteristics. We use β >10 criterion, which is justified in the course of this presentation.
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Solar wind and IMF data were taken from OMNI-2 data set, the 1-hour variant was used for the initial survey, and the 1-min variant -for final categorization of crossings. β values are precalculated in OMNI-2, assuming constant electron temperature, He++ fraction and He++ temperature. To access possible solar wind variability we use also ACE and Wind final Earth-shifted data from OMNI archive.
The period of analysis was 1995-2017, which has almost full coverage of interplanetary measurements and many spacecraft 25 crossing bow shock. We used Interball (1995 Interball ( -2000 , Geotail (since 1995), Cluster (since 2000) and THEMIS (since 2007) orbital and spin-averaged magnetic field data from CDAWeb archive. For the detailed analysis we used full-resolution Cluster FGM magnetic field (Balogh et al., 2001) and HIA/CODIF ion data (Rème et al., 2001 ) from Cluster Final Archive. All vectors are in GSE frame of reference.
2 Solar wind statistics and details of search procedure
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We used 1-hour OMNI data for the period 1995-2017 to determine the occurrence of high β solar wind. The average solar wind β is somewhat large than unity. High β conditions are unevenly distributed across solar cycles (Fig. 1) , being more frequent at (Fig. 2b) . Thus the high-β events are mostly depressions of magnetic field, compensated (at least on statistics) by increase of plasma density. The only notable difference of distributions for β > 20 (Fig. 2a , red line) is more frequent presence of magnetic field ∼1 nT, with the average 1.6 nT, while for β > 10 the average is ∼2.2 nT. Fig.3 more than 50% of events with β > 10 have one-hour duration (one point in the analyzed OMNI variant).
According to
A sample event is in Fig. 4 . There is one-hour long decrease of magnetic field and density increase, corresponding to β rise to 10 about 20. At an occasional depletion of magnetic field below 2 nT β jumps to about 40-80 for few minutes.
Since formation of high β conditions mostly depends on subtle variations of magnetic field magnitude around 1-2 nT (note, that β has square dependence on magnetic field), it should be quite sensitive to spatial inhomogeneity of solar wind and IMF, and, in particular, to differences between those detected at L1 (in OMNI dataset) and actually hitting Earth. Fig. 5 shows comparison of β calculation for Wind and ACE 1-hour data (only for times, when Wind data were used in OMNI). The 15 scatter is quite large. Thus actual β conditions need to be rechecked with local measurements. This issue is elaborated more in Discussion.
The semi-automated algorithm was used to assemble initial statistics of the shock candidates. For each 1-hour point in OMNI with β > 10, we checked for possible spacecraft location within 5 R E from the model bow shock (Farris et al., 1991) . In a case any spacecraft was in place, the plots of solar wind, IMF, local magnetic field and plasma parameters were analyzed visually in 20 the 5-hour window around the selected hour. Broad temporal and spatial spans were used to ensure that all possible crossings of a moving bow shock are captured for future analysis. Only events with clear shock traversals (jumps in magnetic field and step-like front), but it was considered acceptable for this particular study. The most of these initially selected intervals actually contained no shock crossings.
Actual β at the particular shock crossings were checked with 1-min OMNI data. It was often below 10, either because registered shocks were just outside initially selected hours, or because β varied on a time scale, smaller than an hour. Since a change of β is usually related with the solar wind density change, it is associated also with the dynamic pressure change. The 5 latter drives a large-scale shock motion and probability of shock registration by a spacecraft increases. In fact, many shock crossings were registered at a boundary of β change and such events were also discarded, since it was impossible to attribute them to stable plasma conditions.
Finally the list contained about a 100 individual crossings with average β about 20 (1-min value at shock front crossing).
The choice of initial threshold β > 10 (for 1-hour points) was finally justified at this stage, since a variant with initial β > 20 (Table S1 in Supplement 1). Some of these examples are 5 presented below.
3 Shock examples
Event 1
The first example was registered by Cluster C3 and C4 spacecraft on 18 December 2011 (1436-1440 UT) with the spacecraft separation 36 km. Solar wind speed was small ∼260 km/s, IMF magnitude -2.5 nT (all characteristics are in Table S1 ). The (Fig. 6 ), but shock velocity is definitely much higher than the spacecraft velocity. Alfven Mach number is ≈18, magnetosonic Mach number is ≈5, current β (according to 1-min OMNI) is 10.8. Thus this is quazi-perpendicular supercritical bow shock, which structure for standard β is well studied (Scudder et al., 1986; Krasnoselskikh et al., 2013) . UT (marked by vertical line) at a first extended peak of magnetic field. The shock foot, the zone with reflected ions (Fig. 7f) analysis of ion dynamics will be performed elsewhere. Solar wind magnetic field measured locally by Cluster is the same as OMNI data (compare two lines in Fig. 7d ), therefore OMNI β value is confirmed.
The final value of downstream magnetic field is around 10 nT, and compression ratio is thus close to maximally possible value of 4, in accordance with the high Mach number. However, the observed front structure is very different in comparison with that expected for a supercritical shock. First of all, there is no well-defined magnetic field jump (magnetic ramp). Thus it proved 5 to be impossible to determine reliably shock speed and spatial scale of shock transition. The magnetic field increase is wavy rather than step-like, magnetic magnitude is often down to 5 nT. Second, there is a zone upstream from the largest magnetic bursts with slowly increasing magnetic field and density almost up to the expected downstream value (14:37:45-14:38:20).
We highlight interval 14:37:00-14:38:30 ( However the hodograph of magnetic field rotation (Fig. 10) shows that the polarization actually might be linear with variable direction. In such a case propagation direction is undefined. The maximum possible wavelength ∼900 km can be obtained 20 taking maximum possible separation 36 km. The estimate of the Doppler shift can be obtained taking either full local proton velocity 146 km/s, or its projection to minimal eigenvector 41 km/s and is 0.04-0.58 Hz, depending also on a variant of the wavelength estimate.
Finally we note the oscillations with higher frequency about 1 Hz and smaller amplitude of couple nT, which are best observable in B z component ( Fig. 8c and Fig. 9 ). These oscillations are quite different at two spacecraft and the wavelength 25 analysis proved to be not possible. The eigenvalue ratios (after filtering the frequency range 0.7-10 Hz) are λ min /λ int = 0.68, λ int /λ max = 0.49, thus reliable determination of any wave proper direction is definitely not possible.
Other events
In this subsection we briefly present two shock examples with substantially different wave activity. A shock from January 4th, 2008 (1600-1604 UT) was registered with Cluster separation about 40 km, and very similar solar wind conditions (Table   30 S1, Fig.S1 in Supplement). The detailed wave activity at the front is presented in Fig. 11 . General frequency structure of waves in this event is similar to that in Example 1. There is a dominating oscillation with frequency about 0.4-0.5 Hz, as well as the lower amplitude waves with frequency above 1 Hz. The specific feature is strong difference of C3 and C4 oscillation Table S1 ).
One more crossing is from January 3rd, 2008 (14:30-1435 UT) with Cluster separation ∼100 km (Table S1 , Fig. S2 in Supplement). OMNI data showed very low IMF (1.1 nT) and β = 39. Local upstream magnetic field at C4 was so low only episodically at 3 min before the front (Fig. S2) , so very high β can not be fully confirmed. The detailed wave activity at the 5 front is in Fig. 12 . Only relatively high frequency oscillations about 1-2 Hz are present, strongly different at two spacecraft, therefore no phase analysis is possible. There are no wave packets with the stable phase. For example, at 143410-143414 UT X and Z components are in anticorrelation for C3 and C4, while immediately near, at 143408-143410 UT these components are in phase. Amplitude of oscillations is comparable in components and magnitude of magnetic field. Another event from our statistics with similar higher frequency variations is that of 31 December 2003 (Table S1 ). 
Discussion

Solar wind input
High-β solar wind is relatively rare at the Earth orbit. In our study we accepted somewhat ad-hoc threshold of high β equal to 10. Such interplanetary conditions tend to occur during solar minima, being created by slow cold dense solar wind with low IMF (1-2 nT). It is not always easy to confirm that the observed shock crossing actually occurred in high-β solar wind interval, 5 identified in OMNI. The first set of problems is related with association of partiular shock front crossings with stable high-β intervals. It is reasonable to consider durations of high-β intervals at least of the order of tens of minutes, and reject candidate events at the moments of β changes, since it is more convincing to study bow shock events under stable upstream conditions.
These problems are relatively straightforward to identify and solve.
A more substantial problem is due to the finite spatial scales of high-β solar wind. We measure solar wind in L1 halo orbit, 10 1.5 million kilometers away from Earth and with halo radius not less than 200 000 km (for ACE spacecraft). A substantial part of modern OMNI data are taken from Wind spacecraft, which is currently on a much wider halo orbit (300-400 thousand km) (Podladchikova et al., 2018) . Solar wind and IMF structures encountered in L1 are not necessarily the same, that actually affect 10 Ann. Geophys. Discuss., https://doi.org/10.5194/angeo-2018-110 Manuscript under review for journal Ann. Geophys. values is more problematic since at L1 they are measured by a specialized thoroughly calibrated instruments, while with a magnetospheric spacecraft, calibration could be rougher for the specific case of solar wind flow. Additional (relative to OMNI-based ones) very-high β intervals may actually form near Bow shock due to local variability of solar wind and IMF.
Assumptions on helium content and electron temperature, used while β calculations, may also result in some errors. For the purpose of our study (properties of magnetic waves in shock front) it is also important to have in mind, that the local β is more relevant, rather than the far upstream one. Immediately upstream the shock front magnetic field increases due to presence of rotating ions in the shock foot. In the ordinary quaziperpendicular shocks (Scudder et al., 1986) this increase is rather small. When IMF is very low (in a high-β case), the foot increase may change (decrease) the local beta quite substantially.
In the zone of the strongest magnetic variations behind the shock front β should be similar to that upstream due to Rankine-
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Hugoniot jump conditions.
Shock properties
Observed shock crossings with high-amplitude magnetic variations are generally consistent with the earlier reports for high-β shocks. All selected shocks are quazi-perpendicular and have high alfvenic and magnetosonic Mach numbers. The observed structure of high-β shocks is quite different from that for low-β supercritical quazi-perpendicular events (e.g. Krasnoselskikh et al. 
